ABSTRACT.-Historically, Belize has used large quantities of organochlorine (OC) pesticides for agriculture and disease-vector control, yet few tools exist for noninvasive assessment of OC contaminant loads in Belize wildlife. Crocodile caudal (tail) scutes are clipped as a marking technique in wildlife management programs and may also have utility as a minimally invasive, nonlethal technique to assess contaminant burden. We collected caudal scutes from 96 Morelet's Crocodiles in Belize over 2 yr to analyze scute tissues for OCs and to compare the observed OC concentrations among different scute tissue (fat, cartilage, and muscle) and among crocodiles of different age classes, sexes, and collection locations. Organochlorines of the DDT-type subclass were detected in 72 of 96 crocodiles, with methoxychlor detected in all 72 scutes containing OCs and p,p-DDE, p,p'-DDT, and p,p-DDD detected in 54, 47, and 20 scute samples, respectively. Organochlorines were more-frequently detected in scutes of adult crocodiles, but methoxychlor was occasionally observed in juveniles at concentrations two orders of magnitude higher than observed in adults, suggesting maternal offload of methoxychlor to offspring, greater exposure through juvenile habitat and diet, or both. Organochlorines were detected in crocodiles from all sampling locations with more frequent and higher concentrations observed in crocodiles from lagoon habitats than from river habitats. This study demonstrates that scutes can be used as a nonlethal indicator of OCs present in Morelet's Crocodiles, a finding which has applications for determining the trophic transfer of OC pesticides through tropical aquatic food webs and for estimating the continuing risk posed to crocodiles and other species by OC pesticides.
Many chemical compounds that have been banned for decades in most industrialized countries still are commonly used throughout Central America. These include OC pesticides such as DDT which, despite limited availability after production facilities in Mexico ceased operation in 1999, has seen continued use in Belize for vector control (Alegria et al., 2000; Grieco et al., 2000; Roberts et al., 2002) and likely also for agriculture (Rainwater, 2003) . The wide use and environmental occurrence of the OCs in Belize is evident in the detection of these chemicals in the region's sediments (Wu et al., 2000; Somerville and Liebens, 2011) and ambient air (Alegria et al., 2000; Shen et al., 2005; Wong et al., 2009 ). This indicates a great potential for exposure of these chemicals to wildlife in the region (Rainwater et al., 2007) . Organochlorines tend to bioaccumulate in the food chain because of their environmental persistence and their propensity for storage within fat tissues, causing high toxicological risk in top predators because of biomagnification (Wu et al., 2000; Ridal et al., 2001) . General effects of OCs can include immunosuppressive effects, reproductive and developmental effects, cancer and tumor formation, and responses at elevated biochemical concentrations (Longnecker et al., 1997) . Crocodilians may be at increased risk of adverse exposure and effects of OC pesticides because of their long life span, their trophic status as top predators, and because OC pesticides have been heavily used and persist in their tropical aquatic habitats.
Morelet's Crocodiles (Crocodylus moreletii) occupy freshwater habitat in the Atlantic and Caribbean lowlands of Mexico, Guatemala, and Belize. Morelet's Crocodiles were formerly listed as an endangered species but hunting restrictions put in place in the 1970s have resulted in populations recovering to the point where Morelet's Crocodiles are now classified as a species of least concern (Cedeñ o-Vá zquez et al., 2012). Morelet's have potential for use as a sentinel species for environmental effects of OC pesticides because of their long life and ecological position. Several studies of OC burdens in crocodilians from Central America and the United States have utilized noninvasive techniques to collect data on residue concentrations including the use of nonviable eggs and chorioallantoic membranes (CAMs) from hatched eggs (Pepper et al., 2004; Rauschenberger et al., 2004) . Such studies have established the presence of OCs in eggs of Morelet's Crocodile (Wu et al., 2000; Pepper et al., 2004) and generally in crocodilians from various locations across the globe (Phelps, 1996; Milnes et al., 2004; Wu et al., 2006; Rainwater et al., 2007 Rainwater et al., , 2008 . Although the quantification of OCs within nonviable eggs and CAMs of hatched eggs may be useful for assessing relative exposure to OC pesticides among crocodiles from different sites, egg-based OC concentration measures can be limited because concentrations do not necessarily equate with the total body burden of OC contaminants in adult crocodiles, cannot be easily linked to individual crocodiles, and provide no information about the presence/absence of OCs within adult male crocodiles (Pepper et al., 2004) . Analyzing the OC concentrations within crocodile caudal (tail) scutes has been suggested as a minimally invasive technique for estimating crocodile OC body burdens at the individual scale (Rainwater et al., 2007) ; however, there has been no comprehensive study to date focused on testing OC residues found in crocodile scute tissues.
Crocodilian caudal scutes are triangular, vertically extended, laterally flattened dermal scales found on the dorsal surface of the tail (Richardson et al., 2002) . Historically, dorsal caudal scutes of crocodiles have been used as a marking technique in wildlife management programs to obtain information on migration, behavior, age validation, mortality, and population size (Jennings et al., 1991) . This minimally invasive, nonlethal technique has historically been used as an effective tool to qualitatively assess the mercury contaminant burden in 2 Corresponding author. E-mail: brie.sherwin@ttu.edu DOI: 10.1670/14-029 crocodilians without substantially endangering the animal (Yanochko et al., 1997; Jagoe et al., 1998) . Because this technique has been used in the past to assess metals concentrations, one of the goals of this study was to examine the effectiveness of this nonlethal technique with OC contaminants. Scutes contain cartilage, muscle, and fat, with the relative proportions of these tissues being dependent on scute size. Our observations were that scutes, which were clipped from juvenile crocodiles, often contained limited amounts of tissue and were made up of a minute amount of cartilage with little to no fat or muscle tissue. By contrast, scutes from larger crocodiles can contain all three tissues. Barring injury, a crocodile will often retain its scutes throughout its life.
The objective of this study was twofold. First, we set out to determine presence and concentrations of OC compounds in scutes from Morelet's Crocodiles from seven sites in Belize, indicating their exposure to these compounds in the region. Second, we investigated the relationship between these OC residue concentrations in Morelet's Crocodile caudal scutes and the crocodile's age class, sex, sample location, and the types of scute tissue(s) analyzed. Because of the amount of available tissue and prolonged exposure, scutes from adult crocodiles should have higher OC concentrations than would scutes from juvenile crocodiles. A comparison of OC pesticide concentrations between male and female crocodiles can assess whether egg-based OC concentration measures may reflect the OC burdens of male crocodiles in addition to female crocodiles. Other studies have shown the OC concentrations are present in various tissues in wildlife species, often with the highest concentration typically found in lipid or fat samples (Mispagel et al., 2004) . Lipid content in crocodile scutes often varies depending on age and size of the crocodile. Comparisons of scute OC concentrations among different crocodile sample locations may show patterns of pesticide use and persistence across the landscape. A comparison of OC concentrations between whole scutes and scute fat tissue will determine how best to approach OC analysis in juvenile crocodiles that have smaller scutes with very little fat tissue. 0 W, n = 2), and Habanero Creek (17839 0 N, 88848 0 W, n = 1). Scute removal was performed by removing a series of double and single caudal scutes to code for a unique number. Of the 96 scute samples, 28 samples were from female crocodiles and 64 samples were from male crocodiles. Total length was measured for each crocodile sampled and samples were divided into age classes based on total length (Platt et al., 2009 ): adults (total length > 150 cm, n = 29), subadults (100 cm < total length 150 cm, n = 11), large juveniles (50 cm < total length 100 cm, n = 30), small juveniles (30 cm < total length 50 cm, n = 20), and hatchlings ( 30 cm, n = 2). Sex and total length data were not collected for 4 of the 96 crocodiles sampled. Scute samples were stored at approximately -208C and remained frozen until analyzed for OC residues.
MATERIALS AND METHODS

Collection of
Reagents and Chemicals.-A certified OC pesticide mixture consisting of tetrachloro-meta-xylene (TCMX), heptachlor, gamma-BHC (lindane), alpha-BHC, beta-BHC, delta-BHC, endosulfan I, endosulfan II, dieldrin, endrin, p,p-DDD, p,p-DDE, p,p'-DDT, methoxychlor, aldrin, heptachlor epoxide, gamma-chlordane, alpha-chlordane, endrin aldehyde, endosulfan sulfate, endrin ketone, and decachlorobiphenyl (DCBP) was obtained from Ultra Scientific (North Kingston, Rhode Island, USA). All organic solvents used were either pesticide or gas chromatography/mass spectrometry (GC/MS) grade. The anhydrous sodium sulfate used during the extraction procedure had a purity of ‡99%.
Sample Processing.-Scute samples were dissected into fat, cartilage, and muscle tissues prior to analysis. Organochlorines were expected to accumulate primarily in the scute fat tissue, but in smaller individuals there often was no fat present. In these cases, whole scutes were homogenized prior to analysis.
Samples were weighed, mixed with anhydrous sodium sulfate (~5 g), and fortified with DCBP and TCMX as internal standards. Samples were extracted with methylene chloride using a Dionex 200 Accelerated Solvent Extractor (ASE) in 11-mL cells under the following conditions: preheat = 5 min, heat = 5 min, static = 5 min, flush = 60%, purge = 60 sec, cycles = 1, pressure = 1,500 psi, and oven temperature = 1008C. Extraction volume was collected in 25-mL glass vials with Teflone caps. The extract was then poured through anhydrous sodium sulfate to remove water and large debris. Extract volume was reduced to approximately 0.5 mL using rotary evaporation and transferred to a 2-mL volumetric flask with a small amount of hexane. Extract volume was brought to 2 mL using nitrogen evaporation and filtered into 2-mL amber autosampler vials using a 0.45 lm Acrodisct (Pall Life Sciences, Ann Arbor, Michigan, USA) filter.
Lipid was removed from the scute samples using gel permeation chromatography (GPC) following Environmental Protection Agency (EPA) Method 3640. The mobile phase, methylene chloride, flowed at 10 mL/min. A control GPC standard containing corn oil, phthalate, methoxychlor, perylene, and sulfur was used to determine the appropriate collection interval. Fractions were collected, reduced to 0.5 mL using rotary evaporation, reconstituted with hexane in 2-mL volumetric flasks, and reduced to 2 mL using nitrogen evaporation. Extracts were then vortexed and transferred to 2-mL autosampler vials.
We used an HP 6890 (Hewlett Packard, Inc., Palo Alto, California, USA) gas chromatograph (GC) equipped with electron capture detection (ECD) and an HP-5 column (30 m · 0.32 mm column, 0.25 lm film thickness) to separate and quantify all OC residues. The GC was operated in the splitless mode with helium as the carrier gas (7 mL/min) and argon/ methane as the makeup gas (60 mL/min). Inlet and detector temperatures were 2008C and 3008C, respectively. The temperature program was as follows: initial temperature = 808C; increased to 1808C at 258C/min; from 1808C to 2058C at 2.58C/ min with a 2-min hold; from 2058C to 2508C at 158C/min with a 1-min hold; and from 2508C to 3008C at 208C/min. Minimum detection limits for the scute samples were determined as 0.65 ng/g. Four-point standard curves were developed to quantify samples. We used HP ChemStation software to control and monitor the chromatography.
Relationships Examined.-The scutes were analyzed for a suite of OC pesticide contaminants including aldrin, alpha-BHC, beta-BHC, delta-BHC, gamma-BHC (lindane), alpha-chlordane, gamma-chlordane, dieldrin, endosulfan I, endosulfan II, endosulfan sulfate, endrin, endrin aldehyde, endrin ketone, heptachlor, heptachlor epoxide, p,p-DDD, p,p-DDE, p,p'-DDT, and methoxychlor. Concentrations of OCs within scutes were compared by crocodile age class, sex, collection site, and whether the whole scute or only the scute fat tissue was analyzed.
RESULTS
Organochlorines Detected.-Organochlorines were detected in 72 of the 96 scute samples. Methoxychlor was present in all 72 of the scutes in which OCs were detected. The second most-frequently detected OC was p,p-DDE (found in 54 of 96 samples) followed by p,p'-DDT (found in 47 samples) and p,p-DDD (in 20 samples). Detections were sporadic for each of the other contaminants and are, therefore, not examined further in this study.
Organochlorine Concentrations by Age Class.-Quantifiable concentrations of OCs were much more frequently detected in adult crocodiles than within any other age class (Fig. 2) . The highest observed concentrations for p,p-DDE and p,p'-DDT also were observed in adults. For p,p-DDD, however, there were two anomalous concentrations observed in small juveniles that were almost two orders of magnitude higher than the maximum observed in adults. Subadults, large juveniles, and small juveniles each also occasionally had methoxychlor concentrations nearly two orders of magnitude higher than the maximum observed for adults.
Organochlorine Concentrations by Sex.-There were few differences in OC concentrates between male and female Morelet's Crocodiles (Fig. 3) . One notable difference was that p,p'-DDT was more-frequently detected and was at higher concentrations in females compared to males. There also were two anomalous observations of p,p-DDD in male crocodiles at concentrations two orders of magnitude higher than observed in any other male or female crocodile.
Organochlorine Concentrations by Site.-Gold Button Lagoon had the most-frequently quantifiable and highest overall concentrations of p,p-DDD and methoxychlor (Fig. 4) . Both lagoon habitat sites (Gold Button Lagoon and New River Lagoon) also had slightly higher mean concentrations of p,p-DDE and p,p'-DDT relative to New River and other sites.
Organochlorine Concentrations by Tissue Analyzed.-Use of whole scutes resulted in more-frequently quantifiable detections of p,p-DDE, p,p'-DDT, p,p-DDD, and methoxychlor relative to analyz- (Platt et al., 2006) as adults (over 150 cm, closed circles, n = 29), subadults (100.1 cm to 150 cm, open circles, n = 11), large juveniles (50.1 cm to 100 cm, triangles, n = 30), and small juveniles (30.1 cm to 50 cm, x symbols, n = 20). In addition to these age classes, two hatchlings (30 cm or less) had no quantifiable concentrations of OCs. Organochlorines detected at concentrations below the limit of quantification (0.65 ng/g) are plotted as 0.65 ng/g. Nondetects of OCs are not plotted on graphs but were used in the calculation of percentile by age class.
ing only scute fat tissue for hatchlings, small juveniles, and large juveniles. Analyzing only the scant fat tissue present in juvenile scutes never resulted in detecting quantifiable concentrations of OCs.
DISCUSSION
Utility of Crocodile Scute Organochlorine Analysis.-Because of the endangered or threatened status of many species, researchers have been challenged with finding accurate and nonlethal, minimally invasive sampling techniques. Egg-based organochloride measures (e.g., nonviable eggs or CAMs) can indicate relative exposure to OC pesticides among subpopulations of crocodiles at different sites, but they do not correspond to the OC body burden of individual adult crocodiles and they provide no information about OCs within adult male crocodiles. And, although vitellogenin analysis in plasma of male crocodiles has been proposed as a minimally invasive indicator of estrogenic OC exposure, little vitellogenin has been detected in plasma of male crocodiles with known exposure to OC pesticides (Rainwater et al., 2008) . More recently, clipping scutes has been recognized as an efficient, minimally invasive, nonlethal technique to assess contaminant exposure in addition to being used as an identification marker (Rainwater et al., 2007) . Although the results of our study show nondetects for various contaminants in many scute samples, the overall result of the study confirms the utility of scutes as indicators of contaminant exposure for reptiles. The observed consistency in scute OC concentrations between male and female crocodiles also validates the approach of using nonviable eggs or CAMs as an indicator of crocodile contaminant loads. Sampling and analysis of crocodile scutes therefore represents a more accurate and less invasive approach which utilizes tissues for monitoring body burdens of OCs in crocodiles. In other words, a focus on nonlethal tissue collection, which better represents body burden OC concentrations than do nonviable eggs, CAMs, or vitellogenin or blood sampling, allows for a more complete picture of long-term exposure.
Age Class, Scute Tissue Content, and OC Concentrations.
-Many of the scutes tested in this study contained only a small amount of cartilage and were obtained from younger, relatively small crocodiles. The smaller scute sizes and limited amounts of fat tissue in the scutes of younger crocodiles could have contributed to the large amount of nondetects reported. Each OC was mostfrequently detected in scutes of adult crocodiles with sufficient fat tissue to analyze without requiring homogenization of the whole scute; however, the type of scute tissue analyzed was not necessarily indicative of the amount of OC residue detected. Although adult crocodiles did also have the highest observed concentrations of DDT and DDE, the highest concentrations of DDD and methoxychlor were observed in homogenized whole scutes of juvenile crocodiles with insufficient fat tissue to analyze independently. For smaller crocodiles it is, therefore, more effective to analyze homogenized whole scutes rather than only the limited amounts of scute fat tissue available.
The occasionally high concentrations of DDD and methoxychlor in juvenile crocodiles suggest that either female adult crocodiles are able to offload these chemicals to new hatchlings or that juvenile crocodiles are sometimes being exposed to higher concentrations of DDD and methoxychlor than are adults. And despite the relatively short half-life of methoxychlor, previous studies have discussed the possibility that, given the estrogenic nature of methoxychlor, short-term maternal exposure can transfer to the egg/embryo. A study of CAMs, nonviable eggs, and neonatal scutes from Morelet's Crocodiles in Belize confirms the presence of high methoxychlor concentrations in younger Morelet's Crocodiles (Pepper et al., 2004) , as observed in our study. The data indicated that relatively high amounts (ng/g) of methoxychlor were present in some nonviable eggs and scutes, suggesting that these increased concentrations come from maternal transfer or exposure to these OCs through nest media (Wu et al., 2000) . Methoxychlor concentrations also were present in CAM samples but at lower concentrations. The presence of methoxychlor concentrations in nonviable eggs, CAMs, neonatal scutes, and juvenile scutes indicates that many young Morelet's Crocodiles in Belize are carrying higher body burdens of methoxychlor than are adult crocodiles.
Relative Occurrences of Different OCs in Morelet's Crocodiles.-Four OCs (DDE, DDD, DDT, and methoxychlor) were found most frequently in Belize Morelet's Crocodile scutes. DDE, one of DDT's metabolites along with DDD, was present in the scutes more frequently than were DDT or DDD alone. The morefrequent detection of DDE may be because of the breakdown of DDT. Methoxychlor was present in all 72 of the scute samples in which any OCs were detected and often at high concentrations relative to the other OCs. These data suggest that Morelet's Crocodiles in Belize may have received more-recent exposure to methoxychlor than to other OCs. Further studies of the presence of these methoxychlor residues would be helpful in determining possible exposure scenarios, long-term effects of exposure, and the possibility of differential metabolism of methoxychlor between adult and juvenile/neonatal Morelet's Crocodiles.
Implications for Future Research.-This study demonstrates that scute tissue can be used as a nonlethal indicator of OCs present in Morelet's Crocodiles. We found DDT-type OC pesticides in Morelet's Crocodile scutes from all sample locations, indicating the persistence of these OCs in Belize food webs. While this nonlethal sampling technique provides a benefit of assessing OC exposure over time, there are potential limitations depending on the size of scute and types of tissue collected. Larger scutes from more-mature species allow for a pure lipid analysis of OC concentrations. Collection and sampling can possibly be limited by the availability of adult vs. juvenile species in the field; however, juvenile scutes samples (containing less lipid) still evidenced OC exposure. Continuing inputs of theses pesticides may be occurring through vector control or unregulated agricultural use, and OC pesticides will continue to persist in the environment long after the inputs are eliminated.
The ability to noninvasively assess OC contaminant load in crocodiles could be used to determine the trophic transfer of OC FIG. 4 . Concentrations and percentiles of four OCs (DDE, DDT, DDD, and methoxychlor [MeCl] ) in caudal scutes of Morelet's Crocodiles at different sites in Belize. Scutes of crocodiles were sampled from Gold Button Lagoon (x symbols, n = 19), New River (open circles, n = 47), New River Lagoon (closed circles, n = 21), and other Belize sites (triangles, n = 9). Organochlorines detected at concentrations below the limit of quantification (0.65 ng/g) are plotted as 0.65 ng/g. Nondetects of OCs are not plotted on graphs but were used in the calculation of percentile by age class.
pesticides through tropical aquatic food webs and to estimate the risk posed to crocodiles and other species by OC pesticides. Biomagnification of OC pesticides in aquatic top predators also means that scute OC analysis could be used to monitor the persistence of OC pesticides in historical use areas and areas suspected of unregulated use. This monitoring could be particularly useful and important because of the known endocrine disruption that causes reproductive and developmental impairment in similar species.
